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SUMMARY

A model of the spanwise variation of deQ;ation for stator
blédes'is presented; Deviation is defined as the differenée
between the passage mean flow angle and-the metal angle at the
outlet of a blade element of an axial compressor stage. The
yariation of deviation is taken as the difference above or beiow
that predicted by blade element, i.e., two-dimensional, theory at

any spanwise location.

The variation of deviation is dependent upon the blade
cambher, soliditv and inlet boundary layer thickness at the hub or

tip eoend-wall, and the blade channel aspect ratio. I1f these

. .
e, .

paramotere are known or can be calculated, the model provides a
reasonable aporoximation of the spanwise variation of deviation
for most comnressor middle stage stators operating at subsonic

inley Mach nunhbers,. . .

INTRODUCTION

The development of a spanwise deviation model for stators.’
was done before the rotor model because the effects of rotation
and end-wall cap could be ignmted. These factors lead to a
significantly diffexenﬁbvari&tian of deviation batween rotors

and stators, as will be shown.
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A model for the spanwise distribution of deviation can be
split into two parts: the predictian of (1) primary or two-
dimensional blade element deviation, and (2) secondary flow or

end-wall induced deviation. This paper considers alternative (2).

NASA data [1]* from twelve (12) subsonic, middle stage
rotor/stator combinations have heen considered to form a model of
stato; spanwise secondary flow induced deviation. All data

considered was from operation at the design tip speed of 244

meters per second and maximum efficiency. A summary plot of

this data is shewn in FPigure 1. There, the measured deviation, G+,

minug a calculated two~dimensional eguivalent deviation, 6 eq,
[2]) is plotted versus percent span. If the equivalent deviation
was correct and the flow near mid-span was approXimately axi-
symmetrical (i.e., two~dimensional in the blade element plane),

the mid~span values of 6 - &eg shown on Figure 1 would be zero.

That it is not implies a lack of core flow, an error in the

calculated blade element performance, or both. If it is assumed
that the calculated blade element deviation is mainly at fault,

then a replot of the data on Figure 1 with the mid-span value of

6 - feq set at zero would give the spanwise variation of deviation

due to secondary flow, i.e.,

Aaophd- hﬁ&)SO = (6= deq) ~ [ §~ seqlyp, Where (&~ 6eq)gg

*Numbers in brackets denote references at the end of the report. .
rSymbcll definition in Appendix A.
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is the midspan value. This has been done; the results for each

stator combined with various rotors are given in Appendix B,

Figure 2 shows the difference hetween rotor and stator
spanwise variation of deviation., There the spanwisge variation
due to secondary flow‘is plotted for rotor 23B/stator 20
operating together [1] using the method described above. It can

hbe seen that the rotor has overturning at the hub and

-underturning at the tip with little variation between. This is

probably due to the effect of rotation on the fluid in the blade
wahe. This fluid is centrifuged to the tip region. The gap at

he tip would further increase the underturning due to the

accumnulation of low enérgy fluid at the tip. )

.
.

.

For stators with no end-wall gaps, there are two distinct

maximums of underturning that occurs near the end-walls as seen

“in Figure 2,7 Thesé maximums are caused by the "rolling upn"-of

the two major secondary, viscous corner vortices that form
because of the passage pressure gradient. The wall side of the
vortex enhances overturning and the mid-passage side underturning

due o the direction of rotation, see Figure. 3.

The physical parameters that can affect stator spanwise
distribution of deviation are blade camber, @, blade aspect
ratie, AR, blade channel aspect ratio , ARee solidity, -

end-wall boundary layer thickness at the inlet, represented by

.
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the inlet boundary layersr displacement thickness, 5{, and

perhaps hub/tip radius ratio. All of the abové parametérg
arec available for all the rotor/stator combinations except
displacement thickness. However, Refcrencé 3 gives values of

6K for seven (7) of the fntcr/stator pairs., A list of these
combinations, along with pertinent physical parameters, is given

“in Table 1.

A perusal of the data plots in Appendix B shows that, for
'most stators, there is a maximum underturning that occurs wiﬁhin
10-20% of the end-walls with an unsymmetyical exponential typg
variation betwzen there and the end-wall or mid-span. Therefore;
the variation .of--.secondary flow induced deviation has been
modeled in four (4) parts: (1) the magnitude of- - the
maximum underturning, (2) the 1location of the maxiﬁum

underturning, (3} the value of underturning or overturning at the

end-wall and {4y the variation between. A schematic of this

model (s shown in Figure 4.
- THE MAGRITUDE OF MAXIMON URDERTURNING
A series of physical models for maximuwm underturning that

reflect various combinations of the parameters listed in Table 1

is given in Table 2. The criterion adopted for an acceptdable



model is the ability‘to correlate Emax within ilo- This value

was chosen because that is the expected accuracy of the.data [1l].
Example plots of data from Table 1 using some of these models are
given in Reference 4. Hub/tip radius ratio was not included in

these models because it was constén& at 0.8.

Model 1 was an attempt to- account for the maximum

underturning using commonly=~available geometrical parameters.

The plot of Model 1 versus Zméx indicates that something
essential has been left out, see Figure 5. A perusal of the
indicates that the end-wall

literature on secondary flow [5, 6

6]
boundary layers have a significant effect on secondary loss and
turning in cascades and rotors. Thic is natural, since secondary
flow is the redistribution of the end~wall boundary layer as it

passes through the blade row. The stators of Table 1 are those

for which the boundary layer properties were available at the

“tip.Inlet -displacement’ thickness was chosen as the parameter 'to

represent the boundary layer effect. Figure 6 shows the

variation of amax with 5;. As. can be seen, the correlation is

significant.

The remainder of the models tested had displacement
thickness in the numerator. For the thirteen remaining modelé;
only 5 and 7 correlated all the data within +19. 0Of these two,
Model 5 has the best fit with the data. Figure 7 shows the

lincarized version of Model 5. From this, the relation between
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the maximum value of underturning and the important physical

parameters can be deduced:

w
<

{deq) (1)

o

max = 1

L ARo" O

Ecuation 1 is a specific relationship modeling NASA middle

‘stage data [1]. However, the model should be applicable to

similar subsonic compressor stages. Therefore, it would be.

useful to have Equation 1 in a general form. This can be done by

ccappropriately nofmalizZing the parameters in the bracket. The

terms in the denominator are already dimensionless, so the camber

¥
S

and displacement thickness are the parameters that should be

modified. The camber can be non-dimensionalized by specifying

its value in radians. It is phy

displacement thickness by the mean blade height. If an inlet

- boundary layer is large compared to the blade height, the effect

on spanwise deviation should be large and vice versa. A drawback

in this case is that the data used to make up the model all had

the same blade height of 10.16 cm and there is no acceptable
data avallable with a different height.  Therefore, the genaral

model will be unproven for dif{ferent blade heights.

sically logical to normalize thé

——
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The non-dimensional linear model for maximum underturning is
given below and in Figure 8 with the constant of proportionaiity
adjusted to reflect camber, ® , in radians and inlet

“displacement thickness normalized by blade height or span, 51/5:

o6 */g) 24 3/4
] (deq) (2)

) 4
Amas = 2.5 % 10 [
g AR_* O

LOCATION OF MAXIMUM UNDERTURNING

Table 3 lists the location of maximum underturning fdr
twelve (12) NASA rotor/stator combinations and the exit of Stator
3 of the General Electric Low-~Speed Research Compressor [7if A
plot of this data, shown in Figure 9, shows that the maximum
gndettuyniﬁg:Jppgg@optqlqsﬁeps between ten to twenty percent. . of
span (gm = 0,140.2)'from the hub or tip. A careful study offthe
data indicates that there is no combination of parameters that
model this reéulé; Al] the NASA data is from test stages with a
hub:/tip radius ratio of 0.8, so this could be a correlating
factor, aithough the GE stator has a radius.ratio of 0.7 and it
clusters with the NASP data. IWhen the final model was compared

to the data it was found that the best fit occurred

when the location of maximum underturning A paxt

was taken-as

12.5 percent of the blade span {(i.e., helght) from the end~wall.




This agrees well with the average of the locations shown in

v . Figure 9. Therefore, until additional data is available, the
i ' location of maximum underturning will be taken between ten and

i} twenty pexcent of span from the hub or tip with an arbitrary

value of twelve and one half percent,  i.e.:

BT LT

Sm~h = Sp-t = 0.125 (3)

END WALL VALUES

"t

To completely model the spanwise variation of deviation, the

value of under or overturning, Zw , must be estimated at the

R T R A R iy e o

wall. This can be done by extrapolating the data of Appendix B.
The method used was to fit a curve through the 15%, 10% and 5%
span data points and on to the wall. This is illustrated in

. - FPigure 10, where it can be seen that there is a region of

"reasonable" maximum to minimum extrapolation.

% Since the value of deviation difference at the wall is the
é result of the same corner vortex that causeaeg, maxi&ﬁm
é underturning, and the strength of this vortex will be
E proportional to the difference bhetween Emgx and the value at
% the wall, the same parameters»thaﬁ modeled anx should ﬁ@@e1
%il the difference:

é .




£y SRS HRGE A YSRT RS Skt e A T A o P R TR AT

]

_ _ 6 §/s)2
( Bnax~ By) = -

ARC'G

Table 4 shows the appropriate parameters, with values of Zw
adjusted within the region of maximum to minimum extrapolation
to best fit the model. Figure 11 shows that with the exception
of one data point there is a linear relation between deviation

difference and the vortex parameter:

Bpax = H,; = 5.7 % 10 [« - - (deg) : (4}

Once Aoy s known, 4, can be calculated using Eguation 4.

SPANWISE VARIATION

After the values of the maximum and wall deviation

- difference and the location of the former have heen found, .the

variation between the mid~span and the wall must be determined.

The variations plotted in Appendix A indicate that a modified

normal distribution could be used. After a data fitting process

9
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the foliowing relations have been adopted:

1)

2)

The variation between the ijocation of maximum,
1 a

underturning to the mid«spah (where A= 0) is

modeled by:

2
B =B, lem(0¥/sl ] (deq) | (5)

where x 1is the spanwise distance from the

location of B,y to the mid~span and s is the

mean blade span or height, 0 < x < 0.375.
. CTtte 0t s L [
The variation between the location of maximum

underturning to the wall is modeled by:

2
A - &) [e- (20 x/s) ] (deg). (6)

D
t

= Bpax = ( Pmax
where x 1is the spanwise distance from the
location of Apuy tO  the wall and s is

the mean blade span or height, 0 < x < 0.125.
' 5

Equations 5 and 6 applybin both the hub or tip region.

10
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RESULTS AND DISCUSSION

‘The model, Equations 2 through 6, has been.compared with
experimental ha1f~spaﬁ tip region distributions for the stators
of Table 1 (using Appendix B). The results are shown in Figure
12. There it can be seen that the prediction is fair to good'for
all stators with the exc .cion of stator 22 (Fig. 12f).
Therefore, the preseht model can be consider¢d to be a good
approximation for subsénic NASA middle stages of medium hub;cip

radius ratio.

Before the model _s applied outsidé the range of the data
base .[1}, it should be validated against appropriate daﬁa, i.e.,
that which includes the inlet boundary lavyer displaceméﬁt
thickness. Unfortunately, additional data of this type is not

currently available to the authors. Until such data is

‘ébé{léble, the model should be treated as pre]iminar}.

However, there is one factor that has been demonstrated: the
effect of the end-wall boundary layer on the spanwise variation

of deviation. It has been long known that the end-wall boundary

layer is a primary factor in the development of secondary flowe.

Howaver, most attempts to model the loss and deviation variation
caused by end-wall effects have ignored the specification,
estimation, or calculation of end-wall boundary layer thickness

variation through the compressor. This can no longer be

11
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neqglected.  Furthermore, future research compregsor data. should
specify hub and tip boundary laver dﬂvelbpment for at least:
design point operation. Such data would be of great benefit to

the model analysts and computational fluid dynamicists,

CONCLUSION

It has been demonstrated that the following five (5)
equation models can predict the spanwise variation of deviation
to a good approximation for NASA subsonic. middle stages (applies

for the hu% ang tip regions):

.o . °
.
v

Value of maximuym
underturning,

- 016 J/s)24 374
Bras = 2.5 x 109 [w,mm ] (deq)
R R

st

Location of maxinmum undoerturning, {8) pay = 04128

L G [0L61/517
Value at the wall, A, = &max el T A S I

{deag)
* X KR, o .

12




Variation from location
of maximum underturning
to midspan,

A=A

2
nax Le™(9/517) deg)

Variation from location of
maximum underturning

| s .
to the wall, A= Buax = Bpax ~ A, 1e= (20 x/8) ] (deq)

. This model has not been tested outside the data base. However,
‘it should prove usefhl‘for making engineering predictions of
spanwise variation of deviation for stators if (1) the
distribution of two~dimensional bl&é& element deviation is
available, (2) there is a région of axi-gymmetric core flow an@

{3) the inlet Mach number is less than one.
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APPENDIX A

SYMBOLS

aspect ratio

channel aspect ratio.

span or blade height

fraction of the span to the location of

maximum underturning from hub or tip

distance along the span

deviation angle

difference, in deviation, (6= 6 eq) = (8- ¢ eq)qg,
foundary layer displacement thickness

blade solidity

blade camber

cripts

t

inlet
mid-span
equivalent
hulb
maximum
tip

end-wall
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APPENDIX B

Variation of Deviation Due to Secondary Flow for NASA Middle

Stage Stators Combined with Various Rotors



: T e s eyt g SR et : ; - ted sy Ty e
- b o e s - d 2 ad b aedos T Lrd R -
' 1 2 vy prr e+l 343 iy : peter iy A R g
: baua I 3 B3 . : e s SRS SRS SN S AR TS
> y i
ki3 + g Tty + sty T ? +
Seriiiy o + { ,” e t e 3
+ , : (St a Ry R R pet
- p s o
T tre v : 3 wd!",
Ty T4 : i T + e
7 S g fe by St S i
3 : + : y : S it teder et
> ; s Pesuan
SRS g ey s ; voreren i T e e A by eyt
3 ; rretd > e ! 25 : i s - - vt : I ey b e f Dby g . - -
; MR RS e : —— s : e IS - [PESESNARGE HEEES THIE-OR SUNE S MU SIS S i o
e R I s A R e s e [ NI PR AT SABIHIN SR SR IS B GV SMPNNDARIIE S S0
PN S5 R kg ek L IR
PSS 5eind e - : OGS S i oy
[S9aE S0oRg et - : s £ o % 7ot - e s i : : R iy
[ovesdeved i R T ; : : : ; T et 3 e
: . & P
rride—e Ty g e e
g Rean : - CETIINSE , 3
PRRRE MR B g S SO e ¥ o e v s
hrererres bt by n DS CHREESHEM QSRR S DEEE SUS DS BRI . F R

iy

O RR D!
Tl
4

4 htd

[RaDEidins Antaesine

et - s e aa

SR IR DDA U e G )
B Rt eo et Jh e nat sea ot

83

T e
PSR ERe:
POMRURTNIO PR ;
4 JRNOLAOORE SRALESROSE Jenn iy
Tis PASSSRGET Y Sgbe 333
it RenasRes ;
Sy
ISs
mt
1t :
¥ 9
S 1
o i e
p o s 3 bbb T et
: T
i~
- Pavur:
SewA i gem P e ey e

OSo8
adepsrn.

PMASAR SR LTI PRESA

o

U.u».ﬁwhu 1T
TRILTIITIIT

Pag et e s

G M
YEDRE S 4 S S

R T R e

tery

jases
1334 aba;
jpass IR
jeass

PEROSSEINN 33

e — :

[ 609 + Ragre = et as v

o s j3¥y TYvegesetBives ey " .
1t bod 3 7o ired REROCAL GO S A NEE £
33 pos LI EERASRESIERS PRGIE SANGE L5 saerkbe !
——— +é il R At e St e et Rl Bt S aied
feese: T

jeat: 117

23w P

e +4

vy ‘e d

e 59

ebix <

994 5

ried <

ik 1td

el 3 %

Tees 1923 |SSESPRARSPRORS SHIEE-SPOHE PUCTERRQES SYLe4
31 e et PR Se St SITP Bt Aot sdasd
(2298 33941 14es S P RE PE st hes ne St od $EEEE ToRat Saane ASnt
liaiise 123E P N S I L ey S aasu A n

W Am s ‘O3 BBSBY B YTLLnBy @ g2
$3°698 ., KONl 3AL 0L OV X nz 2¥

£




Tieiiries
LI

&3ty

1T
e
3EToeint
[ Ton +
il snond
astizasad
jSs04ssam

ot fp it

IV
-+
Ciyeresie
Yot riivee
tr el teran
Peadilll

e ORPL D Jia

PESOFERNERSONSHSAERE PRBIES gl

.94

SO U SIS LGS AN RO A% WM,
RS ESEEARERSADE N PEAS NIt

P A D P

,
kS v = Fremr e s~ -

i PORPSSEARN ML ARDES SERPA SERRAFOEDERE I
sl : o besstmpase iaes.
prossoun:inrid ¥ DS SEDAE SIMTSRERS DRSS DI SN DRI SADes Y
TIESTTRAS : PRty S R £, TES AN SRS EL NG PO SN SAGES LAEAS AR Bt FOARE BRSO

[RODS pOSTT ER e ¢ . : JORDETE SEE PAOA N PN I MRS MY % .
Li3sai e s M PR R P RN SR T R RN e R R L R T R 0N S QEUNnis RS DAL Db frp R Htirio g

POV puiy Daaey Ea
SRS St SR A& Srns bevw ool
P ad gy iindn.
111.5,)%,\,.1,.?.‘ DU
passs, -

: ey et on]
: EEr paane tnde
bt R g et

-t
re T

T
it
1

g
PRI TELE4
T I
ha 7
[3eateete
aesusstead
3 1%1«% R
-4 ; PESSE 53004
Tty
— 584281 T
5] b4
9 g HEE R
¢ biribbage S PR, S
et anel ikeiinia
22 i
. ALY
atin Q 1T Firirediiesils
[ QPN il Feds by 13
-t IiTic
= @ Hiqsssens:
-l I
& g 1384
- 3
&y T
e b
-
[ o
S C s e osf Sapes pad
; : y e :
s v . pReSERtey PIRSAS SNORMNIEREDINE. F RESE SIS St bas]
3 = [OREY FENPERDSS1 pROPS Anang SRS PEE: iy PITHE RS b i must
24 i Hi carRyoiiEEs 2 Ky e
i ¥ o1 : :
Tre T R aa e et
v : S5 TETTITTEY
: + I PTIITIE
|Seeg PPNy 3 :
TR i
Pyt by -
LS4 SNm ++ T
Ve et e 2§y e b2 it by b e:
Evirdagrizteditoprtd by vy
BOGSS SARDE SIS S Y PR bl
PEARE SIS SRSOS S RERE SN AR & [ie
il b Pty 3
. ir ; :
Vw P DRSS SN
1994 P23 S p e [SSQEDENEN LGN HS PORGY SRCTE MM M |
o -~ reperden B A LR IS b s 2oL
3 F2 Creiiesss > R RS R D SRS s
o 12 BeEiSee LTI TV
Ty T s
o sy
: iy 3
* + g
IS eneE £pae Trry o :
(020320 SFNES PEASH PO AN IO PEORRRNRE YORIN SRR
S22 R 0008 beut B a st BOR S DY b%4 trede e e r
ISR EDRSF IRONS R 200 JOR TR SN iRl SIS
Teé e dading g d bt e
et Ty (I PENSY
s 7 LI
yee [Eeig IRt aasas s
F ey eSS rbe} e »..111“4‘4_,
Py 3y Ty RSl AR RS PSS Donud
4 ¢ e et +1 ; = ygres
hous 123 Srew S e e
Fre vt Jeael i baea St ok
i3 B2 Fila DRSPS H
45 ity rre [SSSSHORTE DINILY DS 04
7 i eyee t PSRN ’
T T T M I o
m, biIititiiy S easiass: 13 ‘ punsilisngsssang bus ; S apass S5
e i ybgtere += & < e b e 3 od vk g F At s ot
e liiis LU R wM +~ 1o . ASSSRRRIS SRS : e
. ¥ Amisave TOD HICHT C ITIIATX Wy
-z N N o .
11°58C.. HONI % 3HL 0L 0} X 01 o2
- Y . =~ =
N\ T
- N - s




. Li.T0 10X 16 TO THE % INCH . 338.11
FYE zourrzia waseaco. Cadreiacoaa.

YT T vy ; Y ; TITTY .
SRBUESIRIT LIPS FE LY SPORS U VS I BN EUSUS UNGOU SEN YRS NS OSSN R
PEEwES I H JeSSS SRS R SR N REL IS PO IS I sSgspet 15
i ? JRRSSEuaS L0 SR ICIES U ST SO s4el R
PUgn Pireiiaaiiana bl iitatiii it FPETETN
N sgrherdigassabegloasidstrcdiidie - 4 +
Foguy e b e e T I 3. 501 P
o SERS SPSOS IS ng JEEE PEDSS et 2 S 0Y S8 3
- ssadardrfencatiosatasan $m§ 4o o it -
POTIEII S T DB S e SN T T S jayon ey e deseidieel
[P SOaEY Sbek i at el SO0 34 liil Bii SISO IRREE REGSS DS O S91
T PERDS EIDAEESOP 2T ae IR0 SES P jpae pey [S9S SO SRTIEISIAINTY
SRS RSP SIRE SR fNeY ; < i P itesies seeidiiaidongd
S PPEIE N SRS FREEN H Shiedendd ey e . e ¢
: RV S S DE Mg 384 iaafilst 3l P
PUESSIEPUY P AuBPRESS PUSUS I Y | 25984 (RSSO SS30 SRS M ey 4
SROSUER Y VINDE HEOSERE RGN SR [EuNebig MESLS SO SRS SOIIESPOS b ian :
[P IsTm [P IR Py
i PREE 0N Ur
redd + 31 IS0 sde
JeR! pid ! i?m;, 113
ipe babe + g 4o 8 A5 4
144 LRSS RS ETE SR EE
i 2t [8 S8t
i +xid 4 f b
¢ T
: Fg e
jogae
. PSS &t
ek e oy Y
s o T bhbddiass
pha et u b jsustois
PRSI PRt sSsen
STyl [gS 34 Senhs
rrvrts
i
jotod H.M i 51 :
prasaggs 333 LY 1
SDUNMEIFI ST Sy PP Py poun dafbedrtjentbin [P SRes SRy VIR SR o IRt B
FORN Sarig SRS S Shed dmiins it jesuifieti i o) PRsstthiorsnseventd SRel it oes phuvainsy
e e N I e i at ] bgalglpidlocdstiogiditeidideidaidiiios + sad §gbdob B Ldpfbpr L
B S T Ly e b e s lindiead i il : sees : tiaebefioeatiidd :
¢ : .
TS <t At g pas 4 o PR iagyesisberrbfisqa : (SR SN PRPIE DOSUY EPPyy
TousESON gy} prreg PRgSs [BSSRRESE BISES St i 2 b...HT&,_'T. jasy: :.Mw
poanabaibal $Eawissbon PR Fifafiabepadigibie v [S s taavt Jeol bobo!
ESER Doy Divt S SRy Poos SRS ISR SR NS AP H PEESUREYS FEUDE SEDS]
LTI Y I [eys [CPERUTTY SPISE SO T DETER FEULE PRPUE EEDE I PRTLUIVITE FURTE PEREE WA N ST
TeiIiigmiin Phes j3283 Sund Boutdivis) $30eS bus ot Fudil fultd panexisebeSousnsbonl tetygposs]
S e PIES R NS B S VO EI ded P R N TR IR RenC e R L R Sa e S A SO HO SR SOy At gl raas
(SRS DRGNS PETHE DR - < Plsd R - st il benastontinconiiciil e it it tantitostntcusi tontisunsey -
PRI SHASS BUSSAPPHSE SR B RDY DS P P -} Keqadosoadadiiqassndtosrdvragy H e e e L It O (@]
EUR SEwDE SESRY SEN1 EUD RS ES Sk o b S ,%1 [SEEEPR TS Swey 1sl 15338 34va riisigiingin -
[OUETE NN SEnal Eraas Wbl FRNRE SEGEE TE B L PRI o ' ~
i - e S D S SV A ;th (SRS E RS TR SRR X R P - —
i 308 bl : § : =
JUSHEERR DTN ENRSRR RIS 2,7 e Ry R P e Ty E TP RS s 2
h IBSPRDES Lo IS “erradeiacieracdiiilil ——
- i S AN Fosst Hibet $5458 Fevet Cc =
pSoRwe Rpu H B L I N N RN R IO o -
[ PEPEY PR PERTE PEDRS PRGN =
PR S0004 SRE0S MODLE PSS SO
IR <= SOPSPL. RS SOEISNY PERES FPIS] 2o =
c o 3ITL IS TINILTTITIINN
oy 3 <O G
iRy ] C =
sy :
e > a3
SEFR S EE S e gl = 33
SLSTIEILNETIIIIINS e kb 3
Lk iay phbasjates S +ad -
B i
g4+ et
> ad oy £4
4{‘ N
3t
e DY
T .kw
e
+ - -+ >
34 b et Friiey
: s A isott
R P seedade s
: o o iz ;
- phan)
ST
fas i met Tovwe veven saussT e }
ud- b Sy H & .
Eras dvbe shesé tuvad pusay b
e SehaT gD Slebey $: 5
P :
RO Epes STV RIS SRR SN Sy 3T
Burkohps 200wl S I h z il
PESAR S SRt SYUY rhuEy 1id
IS it

LSS R TR

pibvoyianbii e IS L

s : PR S 1YY rhea s R aGwy

oAbt A By g b b i § ke e oo o S SEFSS P IS ST PN - idsrarireye
PRGN TREERNE PSS aR) ras : i LIS S S : IRGR NS A
P P S - -

e AN U W




¥ rrrrriTret Tt RS RESERETER) ¢ E
PRt abacs reats (S 24D < st <5 |SSSAIBATES SR T
8 odisabons ieadsvsaty ool : 3en1 : oSS S5 Sad S
S0 JERSS SUSE S RUAE 4 Sy R = : [SS RANSS DR
* SO SEDEE QI e 2 R i ¥
el jandessanstiavthe i EEARE A
et [oass siput ey bisus pe e o
-1 e 13 pRTesEanyy pasderan F1 e bt
oyt - 1 4 ™ o dep bt g Pey it Tries *nMH
...No.i Res Sus sl E SRS ERRE RE 3 -4 b Sidadndurd
hd LRuRn Eune s hasadis. Ol bt etrrssbiaietedy
. T ¢ o T
B g REaRE PR - ey PEATE RS ESENALES FRAALE SRS
i TR T L = RN
petisRassssennitersils T :
fvivees vt drien i . N IR R
Treyie ey Ty beeds >
Treddryydetard ey [iasanmge: -
$113bicreradied i s
prififerrs j¢8as. <
b ¢ Trry
T LL” u : S
$ +icge
Tyt r]roet [y [
* ter? 1t TITTiE
jednsdined 31
I .+ R oS 1 P RN P T
LIiint [Re e riie [ R el
tiofeber L% [
tiediaae Pers e
i ) e
-4 WMH%& N..v.l .V.Hu t
¥ jese ppea: e jstgd
H v i b Pt I8
- 4 + < v
FOR B4 SRPPL YT IR
4 s reimriey
W;WW 481 HHR |3t as et beve)
> & j2355 5854 9288 £04 S Subu
Y s faes PSS Laasg eeady M
w3 X jisidias A %
: - + 1 8 SR . &t 1 Y
5 =L R ieey bedsjitoe (UL R o &
- AP ARINE S8 retedy sdteided vy vty X
<l 23 el i 1ty 3seasting faids i
TR . b3S 14
ooy i53uhgesiteeny it HHE R
" gpons 13 184 By } +
! pe 315 Se3t EEEEss1 SELRLISES:
— L.an..w., 1l (S SS SR st B Rb it SN
N O + gy ved wr_sw :.3. BEH S i
= 3 ¥ e Trrire et bty £
prnd [@] 4% it |SESRREEE Snns H
3 je SRSSAERE FaiE
G .«Wf ey Tiniein
- T e i [ T
& 1 et 1t g
I B : Prretsrioris +
e} (@] ba o e P Eastiided e 3
.- : o + Y
et o + [EERS AP SRASY SOANE SR HRGHSIFDINE JPRGS SN
el 1 tepsinidenes EPAARIITEN Seiad Sasadsilat Faetolied laacanal
Rrre ceed 12 §4h e pes ey [Seananue
ii0d it Sifeiyy SRS BRI
: - o -
L BHa ey ER R B 0y 0t 1S [r=e PSR B
rede 2333 47?. ,...QMT t« it 2 ey
ISR PP - if e -y +
z anssad) jassdbssttee i [eage i
4+ +drerbdryas [ESSURROPE FRy = THrrTIT
stistasctisactices Setiicibits i i
T I LTS e H :
DRETaINI 223380528 B il ST ey
+ - : - : e e oo
afascisssadsesaqnansyisdell] S s
astsasngisungfagaiinnnl 4 Fy! (N e
3§ b ft bt ft by IS F SFRE
eyt Sty rp i st rtrriT it Ee
43 + &y HA r - 4
ST T
LSS had nAate Aat s St it
+ P4 b ghd f gty by Sy P
£ Ssesisansyiny fofiyindiyps:
: e oty & bty by Yt iy
‘ i i 4t e Eopd oy i
< Sy PESRDRFIESSING SEUPEFRRPY BN
1 + .luhw AR koot ntant IR LRt ERRE]
R I ERINIIR N
H TPITP TR i rin i
7 sosdiLsEaRan R nted] «.L‘ B3
ry b+ TITTY re +
I3 I3 i i emetit
2 insiiishe paast sanietacinets:
T e g S ;
tiedrvrctyod Frasdecedriiy 493 SR
3 mﬁw oty m «mﬁ e e pusatsass
I SS30044 2] H -
i j5854 3940055060 $4854 bag IS Rud ] i : : e Yoy
e . s ; t v : T SO MRSV S SRS AOING ERAGY SROLY Dus Sl
[OR48 SRQERuRtE 51 ; Tri et iy + T SRS SR S0 AR SESASEIA PSS MIOOSARES S S
B I E R e et taxsasaas tesnsstitel: it i e ST T e i e T
e 111t i v 3 ] B4 FERRSASORE SHERT AN OE SERDS PRSES SRed SHsa
ISSSY PSS ES Suacl SaEn AN REPSS S IRN LTIl - Healig - + + 24 0k v g et
a7 Eoy T et Tieeaes Py Sean
PReRe §: it i T e o) ber Titiisricy i agns Sanadig: ) B E000S ph gt Susni snod
1iTriiiiis 11 rrirpreriie tIriiinitis : Aoy S ROERGESE NS Ranuit pun
puad by jase: Tl vriteis 1317 0 i - P L S R PROSERE G PEHOS D
vt epd fobiy b rye § et bod bide I e PRI SO E SR R hd t
MEOuR SRasAN: I TTITIY
fYEns peRastsss Loy va suons 658 59854 I8 PESRS M &8
j20as300ussast s dypas 8584 S804 OSSR SO NEORANEE SIS S e S el faandsaa n
rririestd : X
+ e e P R R e e e ot
drpifrretdeiattrtbertais rrrgeis JRARRSN SRS Piarind Ry
it i Bt Siasdienstiasas boiol]
135323 ER00ne) deganininy atadgipge SRR
T¥sCAmezSra ‘OD ISR @ NBa2AEY w
2z . by
11°688 HONI I, 3ML 0L DI X 03
4 z e e e b, e L DE T e . R R
P - - - . & e Gt e i B sl e e : .
T N T -~ RS 3



Sees PP NG DI SN 51
sl FINTITL ‘i 31
Frer
S84
e 1852
Sade 1
-3 e 33
e 17:0
bt 1554
Tt i}
i 13
et riott 13i
R4 :
pae Hn oSS
= 3 1233

P M peg e
+ oS $ 4wt :
. sitedd 13 Fass
3 [ 8 IR [
3 S tvrie jgas e 8
B ik e ST
+ : bS : jaaas iy pESSE S
ISRSE I jossg seingsosed Tl et |NES3 54
e Iz ++ tritees bt . oyt iy Try s L e e
474 * 3 hrp et ﬁ jpagyps wnf i jaas
i v v o s tdiies t brresdiee reed
e TRt GnSRSushe Rout T Froedieoy tie
fryebs y g et THerbrd ittt v rrr -+ PPRESBE S -
e 54 foesthusngiustsinnes bt 11 13rr i .WH~
reby rpreit teft * - R - +
paf 14 j3saigusal bnntsnsssd Sidelfeng i3 941
-
sy boagpddreerirrrbprdepdyersdty B 44 Thrr e er
w2l .mu L ww uTM i i3 puugy hha;
tiar t Fresirisacits Fite b T 3
babiMd 12 IRt se it anattostntess Tt I3 13 24
joave. st td R e R Rt R s e SR R s s s 3 o
beoen pas 55048 FORRTTRASS DRSS S IEGH FDERIDEI Te I3 :
S Sati e 133 358335029 il } V44 21 13 i s Ta  niiIrATIULS
TR siSEonts (b3 IRaSsssRiastitstol Shssolits b i3 P et Fe b ot St A Lot al [i0 o oy
. r + *
- + v tdYrytEriehprrieesyiy £y
=y Mu; T ririrFirtr e e * M
Tt iiei e I e i~
1SS 30 SRS S SNS BIS AR SR 43
ISOPS DS 1 DY SHEDE PR :
sEnh i s
rr ey A«; g TiteTigctet i
e it ITTRIITESY Fheiin§iIl] e
S INes MCSS FRap S ey TS
S T iR F R H I
vt orit b ote e 1 . . DR
ST T D98 13 ae paes
ettt T1y Cita pedaT § 141 - I3
muw jsgsass: Mﬂ R g
Xl SITHEREY -
Esggssaspbssivasisipitcsisng Hangs P
R 3xe riyrerryer e ossRas, 324 M
sheriripeet i r ﬂH M SURS:! «Ja, 351
1 $2258008 Saw: SERng 81 !
[ irggstegiysosgepegidanunsat ot ot
3+ |3 SEOAS IR BOSSS SR BN -
[ hasaniyiostssoonsionstonadl tonnd H
sErrherrriertrpr e g s by tebyiidn b b
g t3seit{verrbiatigineed ibee$0337 {44 13
4 o i 1 ; T
ot 1 jsung pon TIi7are b erta T
e Saei ORISR RReaT fect: ity
— Re e bbb by [Sagk Saans Ioi « - 44,
rreprritifreyiie theleadiigiaat triedya ol
- ; - it
— NSRS SRS R e e I I Y I g
Tyttt it Rege Thintiiu 33T
briervdpirit it it prdtigesed 74 rrEe
josnyansogsonsies IRSEREEssSs IR Lafaiilly
. ¢ e
by o -+ : ey e g v S
PR i or i T
X% e e joggs T
rttef el IITL T <3
353 1 230
SIS =
+ ¢+ “ 43 reed -
312353840 ¥
$Eiar I Pt S ess son;
bs Tiriiees M eThe b ety o
— i MOSDESBARY Ui piba
T ot 84 p9953 S0t funmnian]
jogus i [AORS SERNY
an 19 SO0SS FPuRY
S e '
It v
Tiee b .
gt 3 LTI
i T elie
D94 3 ERORE WSS S a4
04 M 1=
s 3 IRSAS REERS PUSEE gond
3 464§ + G b brd e M BaB]
pouss/ T IS Y oy :
5 13 v+4r 1 i pddgd QHH oy B
jBeds SRESS SRS SAE SR
pon RS0 DOSE IRE32 2391 :
et e ¢
Trrd + Frrefrrrett=tefios N edy
Tt RN gy : S8
i SRS SIS ISR DEARS 294 H i
[pgesg. j3308 30943 35804 Sn 08 $ 555 M s
REDNe Tefestaboncrdtriite M v
poai E3908 59254024 RE4R NS R i 3
by Feptrritrdiitrir oty e .
vty |2 Safaass SRS Ranty pa . 334
it F1ihisbied oy + T . . >
in St snang hisasissas oot t gmma
+ ? 44
1isl VSR IREEH GRS TTReE
, ¥4 Rmiten "OD U3SSE R IRAANIN I 3
ii-6¢c AL B meve -
5 ER-R
—— o - Sy . - : E
T M e e e PSR SRSV \SUITI U S5 OUE . e e e e s et s oot B LT e i PR, TS C R P <



TR

™,

-

- e

-

feven

‘é‘} £}

ORIGIT~AL
OF POOR

- - por2
\J:n\.‘;':;.ré' ta

QUALITY

B! T 144 ~+- . + NG B - R
- PREES RN Y Pl ~I—3- -4:4 [RENE FOUNS DENNS pan + 4
IO +44 BE: AR0EEDE CRERANNAL RARES REANE bhbaY e et +4te
SSbsE paPus i pusasesnapints ESERELEouns pasts ERony puuan RRNAS pab i
poois S ES04 Dua v BERIpRSR USRS REERIS RSN S e R s s b i
- 1
SRE NS PRENS SEDRS RS BeIie rrtitese T O4 DORE PO POGES POGEE DOD b S It ppase
:«1’ .:;. bt 4t -+ 4‘11“ 1 j j.~<~ Tl LDDs SRS :_';‘
SR hig 81 PRSES Rén 09 R R SODRE SPREE PBirg 554 o
JORRE SORSE POVYY PRDUQ SRS Dt o [R0g DONDE SO0l peas PSS
e S L SN TR ST Uiy (et DUl WS y
Ine) S8 ut bois 33 - T T
{12t 1 . Ses jasss o1 4 +
s e g iR ae sl i Jegnsasans Sepoesbsn] )
" PROP B3 el s ety
13 21 Li 1L pRyss Sauanpnhs)
o W a:N piesd !
¢ L S pasy s DOROS PRPR S SSHOOE BB 4
Afhrs by S oo Ay -t - - 14
TR iR 34 i SR Ea e st
-y 444 - - 1 T e
pesssjantninrs 1 Jad iy JanEd PROGYRR 4143y
M T T
44 2t PRSaE o & PSEOR padrs s arss
4t -11 R $51 T P + MNOD BRSHE Se i ,d»;u,
T PRas) ot L4 e ot « + PR
A e 1994 Je el PRESe S [ARGE PSS SENSY SEBEY S
S be o ) »
":1{ 3""% 3 by HI @1 :{ by s haat
pRuaN puade sanel Be: g ¥ P [eRReL
et s Rl ¢ R s :0-01 4 LR
FREEe SREas Suw e gasy R
Reass BEuResiy o8 pounl saaed CORE Donas boond +4 ,..,4¢~¢r,»
50 SONDd N + Feed it o 4 4-r e 11
e B O% P PEPYS Basey S oSl pbs
- 4 Feery -
}_,l et o f st e 3 Taa et
fobe +
s S ahae: DIgEE Shbes
T I A e e AT N e e e
pross paes Her e 1ty JORus SOSRR R
TR 3 RS RESEY B APl P
b g AT AT cead i i DRSS SRS POAES BRhiy
%, S ST S ) EONRG DY e
S e 1t 3} FeR ey oh: i ey e
EPARSHBRERS hokid o
4 S BEDIN Iy + .
. g 12
sopat hade| 73{3 JOBREBAS ‘Y”"'F Py
444 ROBES RESY g B
ons SshgeaR i paties
g PRpey tne Vi ;Tf'"
T £
i H{rieddesie SRSy 1344
.t At g SPS
SRS PR Bpned e
pusaiabeghhnt pRass
it I e naan Paa et
RPPiS et \ PO P Fpe
ot e
3 ; jgoné
b bk g o
s
-t
IIVIIIN
ST St

Ilyels
T
DO

PRgy

o

104
BRAA o

-

mangiev 8\,

4o 4t

Thee
1o

.

e merARLO,

PSS HOHE Pavpe P
B upes tadd 1Tt
b - g 2t
LEEES 4t 4v
g+ P
+3r
il il
M PG DO 1 FOSEY PO Sl R RS e
11 SORS i Yo e 4t dopedoe
N [ ERS BOPIE DI SRR
N Pa NESHS SAINDY DUESH SENDIE DI DO
-3 - sy S B e
> bt aad - -
pos it pas
e

e

jauy
PRSRE

Pt
jass
pues

? e

A
vty pat 1
gRELS 31 5
5353 1
11 ey
e hioes
Ir R Ler Rt 1 S ERREL FRaNs .:
3 S ARANP AL QEE By #:8 4 b + N
4 ok gty i b S 1 R -
PERAE NN IS T B OUNNE B A
i et enin b i ] : e
-+ rodd ;,:.ﬁ,,ﬂ + 1 P %
It vk ok 4o Ay pd s g 44 -+ i
: {55 KRs) j
{ GuRTR RS R Rinkead Rov 1 he s penns
| REASE! daerfad e REPAS ford v
4 1yt phidgde diaee %1..;
RESHS B A RN HR
EEELRIRCE FRESI RS : 3L E I
JeSisseRRaiiofs goy : prrs b
gl 29 K2 14
ISSE SRR it IR 1’ il
Hhin 4 ;
kgt
JERRa e AR e
DRSS 1t . g4
IReRERaRRE AT Be Send
{‘(” ] ,,:‘2'. Y
k BN SESPE i
diif :{Iv | bt 3
R &




TABLE 1. NASA CORE STATORS

Secondafy Flow Geometry and Performance

. _ ‘ _ ~ _ _ i |
Stator ARC AR %y éh ‘ct %h Sm,t Améx,t Sm,h Amax,h_ ét; Symbol
{deg) (deg) - . (deg) (deg) (in.} -
20 ©1.%0 1.04 55.4  60.5 1.60 2.00 0.100 4.1 0.15 1.8 .020 O -
{notor 23B) - ‘ : ’ _ : '
20 ‘ ‘ T , . 0.130 6.5 0.10 3.7 027 A
{Rotor 2344} . ) é ~ v '
208 o 1.42 - 1.20° 1.50 0.106 5.6  0.20 2.0 022 O
{Rotor 25A) : » ‘ : ,
20C 2.3¢ | ' 2.00 2.50 0.125 2.4 .30 0.8 018 O
{Rotcr 23D) : . !
26C » i 0.100 4.6 0.10 2.3 - ...032 N
{Rotor 24B) & 5 .
| v | - .
21 2.48 1.24 68.5 72.4 1.8¢ 2.25 0.150 6.0 0.15 6.0 .027 QO
{Rotor 27() , . , . : ‘ .
¢ ! l
22 ' .63 0. o

Joat

82 82.5  83.9 1.80 2.25 0.23¢0 1.2 0.15 2.0 . ,010
‘Rotor 28D} ; :




'TABLE 2. MODELS FOR MAXIMUM UNDERTURNING

- ORIGINAL PGt [
OF POOR QUAL Y

Modeljigi Model, Amaxz Modei*No.
"1 K¢ 8
AR'ARC Vo
*
2 K¢sy 9
AR Vo
3 chcS’.g
1
T 10
KF"KRC_
- @a*
O 1
: Kﬁ-ARCTF 1
_ SRR
5 Ki(31)" 12
Kﬁc-o
*
6 Xo(61)°? 13
e (RRTOPe
7 Ko (8,)%° 14
AARC"O.

Nomenclature: AR -

Blade Aspect Ratio

Channel Aspect Ratio

Constant

Model, Brax™

.
Ko (81)°2

End-Wall Displacement Thickness at Inlet

Blade Camber at hub or tip



o TABLE 3, ,
SPANWISE POSITION OF- MAXIMUM UNDERTURNING FOR NASA STATORS

: - ¥ _ oz o _ _ &
Stator S_ S, ‘ 8y, t AR_. . AR o] Stator Sy, s St AR AR o1
———— m,h m,t : {in.) C . : t ———— ) t (in.) [od ot
(3355 125 100,020 1.80) 1.04 1.16| piedy 10 .15 - 1.24 1.24 0.9
z : ' ‘
(R248) (100 L1500 .027  1.90; 1.04 1.6 || g33py 05 .15 - 1.24 1.24 0.9
20C 4. - ' 22 - g R
a5y 500 .150  .018  2.3401.04 2.0 || iR .15 - - 1.65 0.82 1.8
? B . -
(R343 156 .125  .032  2.34. 1.04 2.0 || %Z

(R28D) .15 .20 .01

1.63 . 0.82 1.8
. - LSRC ' |
(R254) .15 .100  .022 1.42 1.64 1.2 || No. 3 .20 .10 - -
RZ54 Stator 50
EE:
g e
21 150 100 - 2.48 1.24 1.8 g
(R26B) . ' : - . _ X7
Avg_. Sm,h .144 .2
4 ' ot
L i - - : -_— =
(R27) .150 100 - 2.48 1.24 1.8 Avg. 5 o = .121 =5
, _ <
,_“EEC} .100 150 .027 2.48 -1.24 1.8
Lo R . g .
TEW , - ¥ span from hub, ¥ - % s
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FIGURE 1. 0 CRICIEL s

_ , CF POOR Gty e

SPANWISE DEVIATION PERFORMANCE OF et
NASA STATORS IN COMBINATION
WITH VARIOUS ROTORS AT MAXIMUM

EFFICIENCY OPERATION
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’ ‘ " FIGURE 2. COMPARISON BETWEEN ROTOR AND OF POOR QUALITY
' o 'STATOR SPANWISE VARIATION OF ... .. :
DEVIATION i
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'SPANWISE POSITION OF MAXIMUM UNDERTURNING
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